INTRODUCTION
============

Spintronics, which takes advantage of not only the carrier (electron or hole) charge but also the spin degrees of freedom, provides a promising direction for the next generation of information technologies and is of special interest to quantum computing constructs ([@R1], [@R2]). The key challenge in a spintronic device is to control the spin-polarized electron density, that is, to manipulate the number of electrons with well-defined spin states. Methods to achieve the desired spin control include light-matter interactions, such as spin-polarized light absorption and emission ([@R3], [@R4]), electrical spin injection and detection in spin valves ([@R5]), or the combination of light and electricity (e.g., spin-polarized light-emitting diode devices) ([@R6]--[@R9]); all of these processes have been demonstrated in traditional epitaxial-grown GaAs semiconductors.

Recently, hybrid organic-inorganic perovskite (HOIP) semiconductors are being considered as candidates for spintronic applications due to a large spin-orbit coupling (SOC) and controllable Rashba splitting ([@R4], [@R10]--[@R12]). For example, Odenthal *et al.* ([@R13]) observe a spin-coherence lifetime in methyl ammonium Pb-iodide (MAPbI~3~) thin films exceeding 1 ns at low temperature. Similarly, spin-optoelectronic devices based on HOIP have been proposed theoretically ([@R14]) and recently demonstrated experimentally ([@R15]). In that work, spin-polarized carriers are injected into methyl-ammonium lead bromide (MAPbBr~3~) films from ferromagnetic (FM) electrodes in two types of spintronic-based devices, namely, a spin light--emitting diode and a spin valve ([@R15]). In addition to their beneficial optoelectronic properties, the solution processability and rich chemical tunability of HOIP systems make them particularly interesting for spintronic applications. For instance, their chemical structure, composition, and dimensionality can be systematically tuned through both the inorganic and organic constituents ([@R16]).

The unique tunability of HOIPs offers an unprecedented opportunity to directly incorporate chiral organic molecules in the production of a two-dimensional (2D)--layered hybrid perovskite thin film and/or crystal that induces chirality into the inorganic sublattice band edge states. Thus, there is an interesting opportunity to explore how chiral molecules embedded into the multilayers provide spin control within these hybrid semiconductors. Recently, 3% spin-polarized photoluminescence was demonstrated at zero magnetic field at 2 K in 2D Pb-Br perovskite multilayers that incorporated chiral organic molecules ([@R17]), indicating that the HOIP spintronic properties can be controlled by the chirality of the incorporated organic cations. However, it should be noted that the demonstrated spin-polarized photoluminescence is likely intrinsically limited in that system, as the *n* = 1 2D chiral perovskite lacks photoluminescence emission, and a mixed system with *n* = 2 layers was needed to observe photoluminescence and polarized photoluminescence. Hence, a more direct manipulation and associated demonstration in a spintronic device based on chiral perovskites should be both intriguing and insightful.

Here, we focus on controlling spin transport within 2D-layerd chiral Pb-I perovskite systems. We demonstrate spin polarization of charge transport through the chiral perovskites by showing that the injected current is preferential to one of the spin states and depends on the handedness of the incorporated chiral organic molecules; thus, the hybrid chiral system acts as a spin filter. This phenomenon, known as chiral-induced spin selectivity (CISS) ([@R18], [@R19]), has been demonstrated in self-assembled chiral monolayers such as helical DNA ([@R20]--[@R22]), oligopeptides ([@R23], [@R24]), helicenes ([@R25]), and chiral quantum dots ([@R26]) and shows interesting spin-dependent (photo)electrochemistry ([@R27]--[@R29]). However, the requirement of an oriented monolayer to preserve the spin selectivity inherently limits the efficiency and practical utility. In this study, we demonstrate that by tuning the organic component in the HOIP system to produce a highly oriented 2D chiral perovskite thin film, vertical charge transport is strongly spin dependent. Since our system is composed of multilayer chiral organic ligands embedded in an inorganic sublattice, it is conceptually different from previous reports of the CISS effect. We subsequently fabricated spin valves having a single FM spin injector rather than two FM electrodes as in more traditional spin-valve devices. The successful demonstration of the high spin selectivity in such multilayer hybrid systems substantially expands the application of the CISS effect.

RESULTS
=======

Synthesis and photophysics of chiral 2D perovskites
---------------------------------------------------

The introduction of a chiral aromatic amine induces chirality in 2D-layered lead halide perovskites ([Fig. 1A](#F1){ref-type="fig"}) ([@R30], [@R31]). We first synthesize single crystals of 2D chiral perovskite, (*R*/*S*/*rac*-)methylbenzylammonium lead iodide (*R*/*S*/*rac*-MBA)~2~PbI~4~, from a cooling method adapted from literature reports ([@R31]). Polycrystalline thin films of the chiral perovskite were subsequently prepared by spin casting a dimethylformamide (DMF) solution of the corresponding single crystals (see Materials and Methods). X-ray diffraction (XRD) data show that in these thin films, the 2D perovskite layers are highly oriented parallel to the substrate, with only (0 0 *2l*) peaks observed ([Fig. 1B](#F1){ref-type="fig"}). Note that the crystallinity of both systems, (*R*- and *S*-MBA)~2~PbI~4~, appears to be comparable, with no additional impurity peaks being detected. The degree of crystallographic orientation is further confirmed by 2D XRD measurements ([Fig. 1, C and D](#F1){ref-type="fig"}). Intense and sharp Bragg spots are observed in the (*R*- or *S*-MBA)~2~PbI~4~ films that indicates highly oriented crystal grains. The Bragg spots can be assigned to the diffraction from (0 0 *2l*) peaks, consistent with 1D XRD results. The (*rac*-MBA)~2~PbI~4~ and phenethylammonium lead iodide (PEA~2~PbI~4~) films also display similar 2D XRD patterns (fig. S1), suggesting a highly oriented crystal structure in all of the resulting thin films studied here.

![Structure and crystallographic orientation characterization.\
(**A**) Crystalline structure ([@R30]) of chiral perovskite, (*R*/*S*-)methylbenzylammonium lead iodide (*R*/*S*-MBA)~2~PbI~4~. (**B** to **D**) Crystallographic orientation characterization of perovskite thin films: 1D (B) and 2D XRD patterns (C and D). Note that layers are highly oriented as only (0 0 *2l*) peaks are observed. Intense Bragg spots further indicate the layers oriented parallel to the substrates. Inset: Crystallographic orientation of perovskite layers. a.u., arbitrary units.](aay0571-F1){#F1}

Atomic force microscopy (AFM) is used to determine the morphology and thickness of the 2D-layered films. All the films have exceptionally low roughness with an *R*~q~ (root mean square average) of 1 to 3 nm, suggesting a very uniform morphology ([Fig. 2, A and C](#F2){ref-type="fig"}). The film thickness based on a 10 weight % (wt %) solution is found to be \~50 nm (fig. S2). Linear absorption spectra show a characteristic exciton peak at \~500 nm ([Fig. 2B](#F2){ref-type="fig"}), suggesting dielectric and quantum confinement in the 2D layers, similar to the previously studied more traditional 2D perovskite systems ([@R32]).

![Morphological and photophysical characterization.\
(**A** to **D**) AFM images of (*R*-MBA)~2~PbI~4~ (A) and (*S*-MBA)~2~PbI~4~ (C), respectively. Inset: AFM height profile of the red line drawn in the AFM image. (B) Linear absorption (quartz substrate) and (D) circular dichroism (CD) spectra (quartz substrate). CD spectra display derivative features at 200 to 600 nm, with (*R*-MBA)~2~PbI~4~ and (*S*-MBA)~2~PbI~4~ showing opposite signs.](aay0571-F2){#F2}

We also observe circular dichroism (CD) of the thin films. Transmission CD spectra display distinct derivative features for the (*R*-MBA)~2~PbI~4~ film ([Fig. 2D](#F2){ref-type="fig"}, red trace) and the (*S*-MBA)~2~PbI~4~ film ([Fig. 2D](#F2){ref-type="fig"}, blue trace), while (*rac*-MBA)~2~PbI~4~ film exhibits no CD ([Fig. 2D](#F2){ref-type="fig"}, black trace). All the peaks in the CD spectra appear to be at the same wavelengths (at 215, 260, 310, 380, 497, and 508 nm) for (*R*- and *S*-MBA)~2~PbI~4~ films but with opposite signs. While the high-energy CD signals (at 215 and 260 nm) can be assigned to the optical activity of the isolated organic molecules (*R*-MBA and *S*-MBA), the low-energy CD response arises from the induced optical activity within the inorganic framework. This indicates that the incorporation of chiral organic amines leads to optical chirality in the inorganic Pb-I framework. Our conclusion is supported by the derivative-like CD response around the band edge (at 497 and 508 nm), suggesting a lifting of the spin degeneracy within the band edge electronic states induced by the chiral molecules (i.e., the Cotton effect) ([@R33]). The exciton splitting energy (Δ*E~i~*) is estimated to be 51 meV based on a Gaussian fitting of the CD and linear absorption spectra (fig. S3). Similar observations have been reported previously in chiral quantum dots ([@R33]), where the chirality is induced by surface chiral ligands ([@R34], [@R35]). In the system examined by Ben-Moshe *et al.* ([@R33]), the exciton levels in the chiral quantum dots are split into two new sublevels (Δ*E~i~* \~ 20 to 50 meV) with opposite angular momentum, even in the absence of an external magnetic field. The origin of such exciton splitting in chiral quantum dots has been proposed to arise from a surface distortion--induced chirality ([@R35]) or the orbital hybridization of exciton levels of the quantum dots with the surface-bound molecular orbitals ([@R33]). The fundamental origin and precise mechanism of the optical activity within the 2D HOIP systems studied here remain unclear, requiring further investigation.

Magnetic conductive-probe AFM measurements
------------------------------------------

Spin-dependent charge transport properties in the chiral 2D perovskite films are assessed by conductive-probe AFM (CP-AFM) with an FM tip (Co-Cr coated). We prepared oriented chiral perovskite films by spin casting a DMF solution of perovskite crystals on fluorine-doped tin oxide (FTO) substrates ([Fig. 3A](#F3){ref-type="fig"}). The FM tip can be magnetized by a permanent magnet with different magnetization directions (field-up or field-down with respect to the substrate), and the magnetized tip is subsequently used during the CP-AFM measurements. An electric bias potential is applied with respect to the FTO substrate, and the resulting current indicates electron transfer from the substrate to the tip through the 2D perovskite films. As the layers are orientated parallel to the substrate, vertical charge transport occurs when carriers tunnel from the inorganic layers through the organic chiral molecules. The helical potential in the chiral center controls the charge transfer rate for different spin polarities ([@R27]) of the tunneling carriers. Distinct from previously reported chiral self-assembled monolayer (SAM) systems ([@R26]), here, the carriers transfer through multiple vertical helical potentials in the thin 2D hybrid perovskite film (\~50 nm) that consist of \~36 inorganic/organic layers. A similar concept was demonstrated by Naaman and co-workers ([@R36]) who found an increase in the spin selectivity with increasing length of the chiral molecule in the SAM. However, in our case, the spin selectivity through the multilayers is much stronger than through a monolayer or even a large DNA molecule.

![mCP-AFM measurements.\
Schematic illustration of magnetic conductive-probe AFM (mCP-AFM) measurements (**A**) and chirality dependence in out-of-plane charge transport (**B** to **D**). Room-temperature *I*-*V* curves obtained using the mCP-AFM technique of chiral 2D hybrid perovskite thin films (\~50 nm thick) for (*R*-MBA)~2~PbI~4~ (B), (*S*-MBA)~2~PbI~4~ (D), and nonchiral perovskite film PEA~2~PbI~4~ (C). The tip is magnetized in the north (blue), south (red), and nonmagnetized (black). The *I*-*V* response for each 2D film was averaged over 100 scans, and the shaded region around the lines marks the 95% confidence limits for the average results.](aay0571-F3){#F3}

The average current-voltage (*I*-*V*) curves measured for different 2D perovskite films under various magnetization directions are shown in [Fig. 3 (B to D)](#F3){ref-type="fig"}. All the measurements are conducted at room temperature. The solid traces represent the average of over 100 scans, while the shaded region around the traces is the statistical 95% confidence limits (fig. S4). All the *I*-*V* curves display an "S" shape behavior, suggesting that charge transport occurs through a double-barrier tunneling potential ([@R26]). For the (*R*-MBA)~2~PbI~4~ film, much higher current is measured when the tip is magnetized in the "up" direction versus that in the "down" direction (fig. S3B). That is, carriers with their spin oriented parallel to the tip magnetization direction are preferentially transferred from the FTO to the magnetized tip over those with antiparallel spin orientation. The opposite behavior is observed for the (*S*-MBA)~2~PbI~4~ film, where higher current is observed when the tip is magnetized in the down direction as compared to the up direction ([Fig. 3D](#F3){ref-type="fig"}). In contrast, nonchiral PEA~2~PbI~4~ films show little, if any, preference for the different tip magnetization direction ([Fig. 3C](#F3){ref-type="fig"}).

To quantify the anisotropy of the polarized currents that we measure, we define a spin polarization, *P*, ([@R30], [@R33])$$~P = \frac{I_{+} - I_{-}}{I_{+} + I_{-}} \times 100\%$$where *I~+~* and *I~−~* are the measured currents at −2 V when the tip magnetic field is pointing up or down, respectively. Our CP-AMF result gives an exceptionally high spin polarization, *P*, of +86% and −84% for (*R*-MBA)~2~PbI~4~ and (*S*-MBA)~2~PbI~4~ films, respectively. Such spin polarization is significantly higher than that reported for chiral SAM systems (typically in the range of 30 to 50%) ([@R26], [@R27], [@R36]), thus supporting our hypothesis of improved spin selectivity through multiple chiral tunneling process. The multilayer configuration of the hybrid 2D layers allows the study of the thickness dependence of the spin polarization. We find that the spin polarization, *P*, exhibits a weak, if any, dependence on the film thickness. That is, *P* is consistently high (86 to 92%) for (*R*-MBA)~2~PbI~4~ films, with varying thickness from 28 to 75 nm (fig. S5). The weak dependence on film thickness likely indicates that the spin selectivity saturates within a few tunneling events; thus, thicker films can no longer induce higher spin selectivity.

Studies of spin-valve devices based on chiral 2D hybrid perovskite interlayer
-----------------------------------------------------------------------------

The CISS effect is also studied in spin-valve devices, using a single FM electrode instead of two FM electrodes as in more traditional spin valves. We fabricated spintronic devices with one FM electrode (NiFe) and a nonmagnetic electrode \[indium tin oxide (ITO)\] separated by a 2D hybrid perovskite film, as schematically illustrated in the inset of [Fig. 4](#F4){ref-type="fig"}. The 2D perovskites are either chiral with opposite handedness or nonchiral (see Materials and Methods). The device resistance was measured at a temperature of 10 K upon application of an out-of-plane external magnetic field having strength, *B*. The resistance as a function of magnetic field, which is dominated by the magnetoresistance (MR) response of the three devices based on (*R*-MBA)~2~PbI~4~, (*S*-MBA)~2~PbI~4~, and (PEA)~2~PbI~4~ interlayers, is shown in [Fig. 4](#F4){ref-type="fig"} (A to C). The MR is defined by ([@R26])$$~\text{MR} = \frac{R(B) - R(0)}{R(0)} \times 100\%$$

![MR response of spintronic devices based on chiral perovskites and schematic illustration of the device structure.\
MR(*B*) response of spintronic devices based on (*R*-MBA)~2~PbI~4~ (**A**), (*S*-MBA)~2~PbI~4~ (**B**), and (PEA)~2~PbI~4~ (**C**). The out-of-plane magnetic field was swept from −200 and 200 mT and back. The resistance was measured at an applied forward voltage of 0.5 V and a temperature of 10 K. The interlayer perovskite film thickness was \~60 nm for all devices.](aay0571-F4){#F4}

The difference in the MR(*B*) response of the various devices with different chirality is observed. First, the (*R*-MBA)~2~PbI~4~-- and (*S*-MBA)~2~PbI~4~--based devices show opposite MR(*B*) responses. Second, the MR(*B*) response follows the hysteresis loop of the FM electrode, since the spin polarization of the injected carriers is proportional to the magnetization of the NiFe electrode. The opposite MR(*B*) response for devices based on layers with opposite chirality demonstrates that the injected spin-polarized carriers from the FM electrode move through the chiral perovskite layers while experiencing CISS. This is reflected in the electrical resistance that is different for carriers with opposite spins. In contrast, the MR(*B*) response of the device based on nonchiral (PEA)~2~PbI~4~ does not show the same response as those based on the chiral systems. As seen in [Fig. 4C](#F4){ref-type="fig"}, it does not follow the NiFe magnetization response and thus has no CISS. Instead, the MR(*B*) response of this device results from an anisotropic MR of the FM electrode ([@R37]).

DISCUSSION
==========

The spin selectivity observed here results from spin-polarized tunnel barriers formed by the chiral organic layers. The 2D-layered system forms multilayers of alternating inorganic and organic barrier layers (see [Fig. 1A](#F1){ref-type="fig"}). The tunnel barrier height for carrier transport through the organic layers depends on the spin and the handedness of the chiral molecules ([@R18]). We hypothesize that the injected spin aligned carriers are mainly holes because the work functions of NiFe and ITO are both close to the valence band maximum of 2D perovskites (see fig. S6). These spin-polarized tunneling barriers act as a spin filter, preferentially promoting tunneling of one spin orientation. The MR response of the spintronic devices is therefore consistent with the magnetic CP-AFM (mCP-AFM) measurements ([Fig. 3](#F3){ref-type="fig"}) and originates from CISS in the tunneling regime ([@R38]).

We performed a thickness-dependent MR study (see [Fig. 5A](#F5){ref-type="fig"}). The MR response shows a weak dependence on the film thickness similar to that observed for the mCP-AFM measurements discussed above. The maximum MR value, MR~max~ versus thickness MR~max~(*d*) response, is substantially different from that observed in traditional spin-valve devices, in which MR~max~(*d*) decreases exponentially with thickness due to the process of spin decoherence as carriers transverse by diffusion a nonchiral medium. In our case, the slight thickness dependence is likely due to competing effects that occur for thicker films. On the one hand, more tunnel barriers induce a higher spin selectivity. However, spin-lattice relaxation process occurs simultaneously during the spin-selective transport process. Therefore, the thickness dependence is a result of two competing processes, namely, spin-selective increase due to the increase in the number of chiral barrier layers and spin relaxation due to spin scattering ([Fig. 5B](#F5){ref-type="fig"}). To further separate these two counteracting effects (CISS versus spin relaxation), we have developed a semiquantitative model assuming a simple exponential decay function that represents the process of the spin decoherence upon diffusion in the perovskite layer. The difference between the measured MR~max~(*d*) and the simulated spin relaxation with *d* indicates the contribution from CISS ([Fig. 5A](#F5){ref-type="fig"}). Although it is a rough estimation, it is seen that the spin selectivity is enhanced as the film thickness increases ([Fig. 5A](#F5){ref-type="fig"}). In addition, the MR response does not show clear bias voltage dependence (see fig. S7). This is also in contrast with the MR response versus bias in traditional spin-valve devices, in which the MR response decreases significantly with increasing bias voltage ([@R39]). This demonstrates that the transport of spin-polarized carriers in the chiral hybrid layers is governed by a tunneling process and is therefore different from the spin-injection mechanism that occurs in a prototypical spin valve.

![Thickness-dependent MR study and schematic diagram of the spin transport through the 2D chiral perovskite layers.\
The MR~max~(*d*) response is decomposed into two components in spintronic devices based on (*S*-MBA)~2~PbI~4~ with different thicknesses (**A**). The black squares are experimental MR~max~(*d*), whereas the red circles are simulation of spin relaxation process (exponential decay with thickness, assuming a spin diffusion length of \~40 nm) ([@R39]). The difference between the black squares and red circles are represented by the blue triangles, which is a rough estimation of the spin selectivity dependence with the thickness. These two competing effects are illustrated in (**B**). Spin selectivity occurs through each chiral layer, whereas spin relaxation happens mainly through each inorganic layer that has strong SOC.](aay0571-F5){#F5}

In conclusion, we show that the spin transport in 2D HOIPs can be effectively manipulated upon introducing chiral molecules into the organic spacer layers in the multilayer structures, which occur via the CISS mechanism. mCP-AFM studies demonstrate that charge transport through oriented chiral 2D perovskite is highly selective depending on the induced magnetization of the probe tip and the handedness of the embedded chiral organic molecules. The spin selectivity is observed to be much larger than previously reported in chiral SAM systems, as carriers transfer through multiple chiral layers of spin-polarized tunneling process. MR measurements in spintronic devices further confirm the spin-filtering effect enabled by the chiral organic layers, forming spin-valve devices based on a single FM electrode. The successful demonstration of CISS effect in the solution-processed polycrystalline 2D chiral perovskite films opens the door for future spintronic applications of chiral materials.

MATERIALS AND METHODS
=====================

Materials
---------

All chemicals were used as received unless otherwise indicated. (*R*)-(+)-α-methylbenzylamine (*R*-MBA, 98%, ee 96%), (*S*)-(−)-α-methylbenzylamine (*S*-MBA, 98%, ee 98%), (±)-α-methylbenzylamine (*rac*-MBA, 99%), lead oxide (PbO, 99.999%), *N,N*-anhydrous DMF, and 57% aqueous hydriodic acid (HI) solution (99.95%, distilled, stabilized by H~3~PO~2~) were purchased from Sigma-Aldrich. Phenethylammonium iodide (PEAI) was purchased from GreatCell Solar.

Synthesis of (*R*-MBA)~2~PbI~4~, (*S*-MBA)~2~PbI~4~, and (*rac*-MBA)~2~PbI~4~ single crystals
---------------------------------------------------------------------------------------------

The synthesis of the 2D chiral perovskite single crystals was adapted from literature reports ([@R31]). In general, 200 mg of PbO (0.897 mmol), 200 μl (1.57 mmol) of *R*-, *S*-, or *rac*-MBA, and 6 ml of HI solution were loaded into a glass vial. The as-formed yellow precipitates were subsequently dissolved at 90°C in an oil bath. The solution was slowly cooled to room temperature with a cooling rate of 1°C/hour, giving orange needles. These crystals were vacuum-filtrated and rinsed with diethyl ether. The final product was dried in vacuum overnight.

Synthesis of (PEA)~2~PbI~4~ single crystals
-------------------------------------------

2D achiral perovskite (PEA)~2~PbI~4~ single crystals were synthesized on the basis of previously reported cooling method ([@R4]). Briefly, 127 mg (0.57 mmol) of PbO and 286 mg (1.15 mmol) of PEAI were fully dissolved in 10 ml of HI solution at 90°C. The solution was then slowly cooled to room temperature at a rate of 1°C/hour, giving orange sheet-like crystals. The crystals were then isolated from the parent solution by vacuum filtration and dried under vacuum.

Preparation of (*R*-MBA)~2~PbI~4~, (*S*-MBA)~2~PbI~4~, (*rac*-MBA)~2~PbI~4~, and PEA~2~PbI~4~ thin films
--------------------------------------------------------------------------------------------------------

Glass, quartz, FTO (resistance, \<25 ohm), or ITO substrates were washed sequentially by acetone and isopropanol in a sonicator for 10 min each, followed by an ultraviolet-ozone treatment for 15 min. The precursor solutions were prepared by dissolving the corresponding perovskite crystals in DMF with various concentrations (10 wt % for the mCP-AFM measurements). Thin films were then prepared by spin coating the precursor solution onto substrates using a spin rate of 4000 rpm for 30 s, followed by annealing at 100°C for 10 min. Thin films on glass substrates were used for XRD and AFM measurements. Thin films on quartz substrates were used for optical (linear absorption and CD) measurements. Thin films on FTO or ITO were used for mCP-AFM and MR measurements.

XRD measurements
----------------

Traditional θ/2θ XRD measurements of the thin-film systems were taken on a Rigaku DMax 2200 diffractometer with a rotating Cu anode. Complementary 2D XRD measurements to assess texture were taken with a Bruker D8 Discovery system with a GADDS (General Area Detector Diffraction System) four-circle detector and fixed Cu source.

CD measurements
---------------

CD measurements were carried out using a Jasco J-715 spectropolarimeter with the thin film placed in the beam path. The spectra obtained were averages of five scans. The spectra were smoothed using an internal algorithm in the Jasco software package, J-715 for Windows. The CD spectra of different constructs were monitored from 200 to 600 nm with 0.2-nm resolution, and the data were presented as the raw CD signal.

AFM measurements
----------------

The AFM topography images were taken by tapping mode with silicon cantilever (spring constant, \~42 N/m) at a resonant frequency of 200 to 400 kHz. The depth profile AFM sample was prepared by vertically scratching the sample surface with a new blade.

mCP-AFM measurements
--------------------

Conductive-AFM results were collected by a Veeco D5000 AFM system in an Ar-filled glovebox equipped with the NanoScope V controller. A Bruker MESP-V2 tip (spring constant, \~3 N/m) was used in contact mode, and the Co-Cr--coated tips were premagnetized by a strong permanent magnetic for \>30 min and then used for the scan immediately. The tip was placed back to the same pole of magnetic again for 30 min if measurement time was longer than 60 min. *I*-*V* curves were acquired by ramping the voltage from −2 to +2 V, with a frequency of 0.5 Hz. The bias voltage was applied to the sample, where the tip was virtually grounded. We used one magnetized tip to scan the three types of samples; and after scanning on all samples, we rescan the first sample to confirm that there is no significant change of the tip. With the tip magnetized by different field orientations (magnetic south, north, and no magnetic), we took more than 100 *I*-*V* curves from different locations on each sample.

Device fabrication and MR measurements
--------------------------------------

The ITO bottom electrode on glass substrate was patterned by wet etch photolithography. The ITO electrode was cleaned by sonication in acetone and isopropanol for 15 min. Subsequently, the bottom electrode was treated by oxygen plasma for 10 min. The chiral perovskite film was spin-coated on the pretreated ITO electrode inside a N~2~-filled glovebox (O~2~/H~2~O \< 1 parts per million). The chiral perovskite film was then annealed at 100°C for 10 min. After cooling down to ambient temperature, the sample was transferred to a vacuum chamber at a pressure of 10^−7^ torr for electron beam deposition of a 5-nm NiFe film as the top electrode in a cross-sectional configuration. Last, a 30-nm-thick Au film was coated for encapsulation purpose. The device area was 1 mm by 1 mm.

Following the fabrication process, the spin valve--like device was transferred to a closed-cycle cryostat for transport measurements. All the measurements were performed at 10 K. The device resistance was measured by a standard four-point method with Keithley 236 power supply and Keithley 2000 multimeter, while an out-of-plane magnetic field up to 200 mT was applied for MR measurements.
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Fig. S1. 2D XRD patterns for different 2D perovskite thin films.

Fig. S2. AFM images of different 2D perovskite thin films.

Fig. S3. Estimation of exciton splitting energy.

Fig. S4. Raw and averaged *I*-*V* curves from the mCP-AFM measurements.

Fig. S5. Thickness dependence of mCP-AFM studies.

Fig. S6. Schematic energy diagram of the "half spin valve" device based on the chiral 2D perovskite thin films.

Fig. S7. Voltage-dependent MR studies based on chiral (*R*-MBA)~2~PbI~4~ and (*S*-MBA)~2~PbI~4~ thin films.
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